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Low interannual precipitation has a greater negative effect 
than seedling herbivory on the population dynamics of a  
short- lived shrub, Schiedea obovata




























mary	 driver	 of	 biodiversity	 loss.	However,	many	 other	 underlying	mechanisms	 can	
impact	plant	vital	 rates	 (i.e.,	 survival,	 growth,	and	 reproduction)	and	population	dy-
namics.	In	this	study,	we	developed	a	size-	dependent	integral	projection	model	(IPM)	
to	evaluate	how	interannual	precipitation	and	mollusk	herbivory	influence	the	dynam-
ics	 of	 a	 Hawaii	 endemic	 short-	lived	 shrub,	 Schiedea obovata	 (Caryophyllaceae).	
Assessing	how	wet	season	precipitation	effects	population	dynamics	it	critical,	as	it	is	










and	plant–consumer	 interactions	 influence	an	organism	across	 its	 life	 cycle	 to	 fully	
understand	the	underpinning	mechanisms	that	structure	its	spatial	and	temporal	dis-
tribution	and	abundance.	Our	 results	also	 illustrate	 that	 for	short-	lived	species,	 like	
S. obovata,	 seedling	 herbivory	 can	 have	 less	 of	 an	 effect	 on	 the	 dynamics	 of	 plant	
populations	than	decreased	interannual	precipitation.

































A	primary	assumption	of	 those	studies	and	 future	projections	of	 the	













Salguero-	Gómez,	 Siewert,	 Casper,	 &	 Tielbörger,	 2012;	 Tye,	Menges,	
Weekley,	 Quintana-	Ascencio,	 &	 Salguero-	Gómez,	 2016;	 Williams,	
Jacquemyn,	Ochocki,	Brys,	&	Miller,	2015).
In	 addition	 to	 changes	 in	 climate,	 selection	pressures	 from	non-	





&	 Vuren,	 1997;	 Carlquist,	 1974;	 Vitousek,	 1988;	 Vourc’h,	 Martin,	
Duncan,	Escarré,	&	Clausen,	2001).	Thus,	non-	native	herbivores	may	







influence	 the	 overall	 population	 dynamics	 (but	 see,	 Ehrlen,	 1995a,	
1995b;	 Maron	 &	 Crone,	 2006;	 Miller	 et	al.,	 2009).	 Of	 the	 studies	
that	have	been	conducted	to	evaluate	the	population	level	effects	of	








of	 species,	 particularly	 on	 tropical	 oceanic	 islands,	 are	 non-	native	
mollusks	 (Cowie	 et	al.,	 2009;	 Joe	 &	 Daehler,	 2007;	 Lowe,	 Browne,	
Boudjelas,	&	De	Poorter,	2000).	Mollusks	primarily	influence	plant	vital	















In	 this	 study,	 we	 constructed	 a	 precipitation-	 and	 herbivory-	
dependent	 integral	 projection	 model	 (IPM)	 to	 investigate	 how	wet	
season	 precipitation	 and	 seedling	 herbivory	 by	 non-	native	mollusks	
(Stylommatophora,	Limacidae	and	Systellommatophora,	Veronicellidae)	
affect	the	temporal	variation	in	the	dynamics	of	a	reintroduced	pop-
ulation	 of	 a	 short-	lived	 Hawaii	 endemic	 shrub,	 Schiedea obovata 
(Caryophyllaceae).	Total	 annual	 precipitation	 can	mask	 the	 effect	 of	
seasonal	 interannual	 precipitation	 on	 plant	 vital	 rates	 (i.e.,	 survival,	
growth,	 and	 fertility).	For	 this	 reason,	we	 focused	on	evaluating	 the	





precipitation	 or	 herbivory	 have	 a	 greater	 effect	 on	 S. obovata	 vital	
rates	and	population	dynamics?	(2)	What	demographic	processes	(i.e.,	
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survival,	growth,	and	fertility)	drive	differences	in	population	growth	
rates	between	years	that	vary	in	wet	season	precipitation?
2  | MATERIAL AND METHODS
2.1 | Study species
Schiedea obovata	 is	 a	 suberect	 or	 ascending	Hawaii	 endemic	 short-	
lived,	perennial,	shrub,	reaching	0.3–1	m	tall	(Wagner,	Weller,	&	Sakai,	
2005).	Fruits	are	capsules,	and	the	sepals	are	fleshy	and	dark	purple.	










2.2 | Study site and reintroduction details
The	 study	 site	 was	 a	 reintroduced	 population	 of	 S. obovata	 that	 is	




flora	 and	 fauna.	 In	 1996,	 prior	 to	 reintroduction,	 the	 O’ahu	 Army	
Natural	 Resources	 Program	 (OANRP)	 constructed	 the	 Kahanahaiki	
fence	 and	 controlled	 non-	native	 ungulates.	 From	 1999	 to	 2011,	 a	
total	of	 six	S. obovata	outplanting	efforts	were	undertaken	and	258	
individuals	were	reintroduced.	Since	1998,	OANRP	has	been	conduct-

















topography	 as	 naturally	 occurring	 populations	 and,	 (3)	 geographical	
proximity	 to	 naturally	 occurring	 S. obovata	 individuals	 (Garrison,	 US	
Army	2007).	Genetic	stock	from	the	other	six	known	populations	was	
not	 used	 for	 the	Kahanahaiki	 reintroduction	 to	 avoid	 potential	 out-





plants	 from	maternal	 source	 populations	 furthest	 from	Kahanahaiki	
had	 the	 lowest	 progeny	 fitness	 when	 outplanted	 at	 Kahanahaiki.	
Given	that	Kahanahaiki	was	the	driest	and	lowest	elevation	site	that	
S. obovata	 had	 been	 documented	 from,	 reduced	 progeny	 fitness	 of	
plants	 from	maternal	 source	 populations	 furthest	 from	Kahanahaiki	
may	 indicate	 local	adaptation.	Alternatively,	reduced	progeny	fitness	
may	be	the	effect	of	the	small	population	size	and	genetic	drift.	The	
management	 recommendation	of	Weisenberger	 (2012)	 for	 the	 rein-






conducted	annually	 for	 three	consecutive	years.	Over	 the	study	pe-
riod,	we	installed	18	1	×	1	m	permanent	plots	throughout	the	reintro-










2.4 | Construction of precipitation- dependent vital 
rate functions
To	explicitly	evaluate	 the	effects	of	wet	 season	precipitation	on	 the	
survival,	 growth,	 and	 fertility	 functions	 (see	 Equations	2	 and	 3),	 we	
used	 a	 generalized	 linear	mixed-	effect	model	with	 precipitation	 and	
plant	size	at	time	t	as	predictor	variables	and	plot	and	plant	ID	as	ran-





actions,	we	 compared	ΔAICc	values	 and	 selected	 the	most	 complex	
model	with	 a	ΔAICc	<	2,	where	ΔAICc	 is	 the	 difference	 in	AIC	 cor-
rected	for	sample	size	between	each	candidate	model	and	the	model	
with	 the	 lowest	AICc	value.	For	 the	survival	s (x, a, b)	model	and	the	
probability	of	fruiting	function	ff (x, a, b)	of	the	fertility	model	we	used	a	
binomial	error	structure	and	for	the	growth	model	g	(y, x, a, b)	we	used	
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a	normal	error	structure.	For	the	reproductive	output	function	pr (a, b) 





Oceanic	 and	 Atmospheric	 Administration	 for	 the	 Honolulu	 airport	
meteorological	 station	 21.324°N	 and	 157.929°W	 (NOAA	 Regional	
Climate	Center,	2016).	The	first	wet	season	2014–2015	had	average	




is	referred	to	as	high wet season precipitation (HP)	and	the	second	wet	
season	2015–2016	is	referred	to	as	low wet season precipitation (LP).
The	best-	supported	generalized	linear	mixed-	effect	models	for	sur-
vival s(x,	a)	and	probability	of	fruiting	ff (x, a)	were	the	most	complex	mod-
els,	including	initial	size,	inter-	annual	precipitation,	and	their	interaction	as	
predictor	variables	(Table	1).	The	best-	supported	model	for	plant	growth	










experiment	 that	was	conducted	 in	close	proximity	 to	our	study	site	
(Kawelo	et	al.,	 2012).	 In	 that	 study,	S. obovata	 seeds	were	 sown	on	
the	top	layer	of	soil	 in	12	plots,	15	m	×	15	m	in	diameter.	Six	of	the	
plots	were	 treated	with	molluscicide,	 Sluggo	 (Neudorff	Co.,	 Fresno,	
CA,	USA),	and	the	other	six	plots	were	left	exposed	to	field	herbivory	












seedlings	that	were	grazed	died	within	the	transition	time	t + 1. The 
one	grazed	plant	>2.4	cm	survived	and	had	comparable	growth	to	im-







size-	dependent	 integral	 projection	model	 (IPM;	 Easterling,	 Ellner,	&	





Intercept Size Precipitation Size × Precipitation df ΔAICc
Survival Size −1.85991 0.92151 — — 4 6.9
Size	+	precipitation −2.44426 0.94404 0.06794 — 5 7.4
Size	×	precipitation −0.76798 0.05506 −0.15571 0.11733 6 0.0
Growth Size 1.49416 0.65157 — — 5 0.0
Size	+	precipitation 1.66553 0.64858 −0.02049 — 6 6.5
Size	×	precipitation 1.95211 0.53731 −0.05994 0.01509 7 13.9
Probability	of	
flowering
Size −10.2862 2.7757 — — 4 7.7
Size	+	precipitation −13.90104 3.15171 0.28373 — 5 0.0
Size	×	precipitation −9.2727 1.8207 −0.3061 0.1723 6 1.0
Number	of	
seedlings
Size −1.4738 0.4136 — — 5 14.8
Precipitation −0.4156 — 0.07283 5 0.0
Size	+	precipitation −4.67704 0.86991 0.15256 — 6 11.2
Size	×	precipitation 4.7743 −1.6355 −0.9349 0.2882 7 4.7







	 represents	 the	number	of	 individuals	of	








composed	of	two	functions,	survival-	growth	function	p (y, x, a, b) and 
fertility	f (y, x, a, b).
The	survival-	growth	function	p (y, x, a, b)	represents	the	probability	
that	individuals	of	size	x	survives	s(x, a)	and	grows	g(y, x, a, b)	to	size	y: 
The	 fertility	 function	 f (y, x, a, b)	 is	 calculated	using	 the	 following	
equation:	
where s (x, a, b)	 is	 the	 probability	 of	 mature	 plant	 survival,	 ff (x, a, b) 
is	 probability	of	 fruiting,	 fn (x, a, b)	 is	 the	number	of	 fruits	 produced,	
pgpe (a, b)	is	the	probability	of	germination	and	seedling	establishment,	
and fd (y)	is	the	size	distribution	of	seedlings.	For	our	model,	we	com-




























2.7 | Simulations of population dynamics under 




(3)	 low	wet	season	precipitation	and	 low	herbivory,	and	 (4)	 low	wet	
season	precipitation	and	high	herbivory.	Hereafter	the	four	scenarios	
are	abbreviated	as	HP-	LH,	HP-	HH,	LP-	LH,	and	LP-	HH,	respectively.
For	 the	 high	 (HP-	LH	 and	 HP-	HH)	 and	 low	 (LP-	LH	 and	 LP-	HH) 
precipitation-	dependent	 vital	 rate	 models,	 we	 set	 the	 precipitation	
parameter	a	in	our	IPM	kernel	(Equation	1)	to	10.4	in	and	5.99	in,	re-
spectively.	The	high	precipitation	value	was	based	on	total	observed	
wet	 season	 precipitation	 in	 2014–2015,	 and	 the	 low	 precipitation	
value	was	based	on	the	2015–2016	El	Nino	Southern	Oscillation	year.	
To	model	the	effect	of	mollusk	herbivory	on	population	dynamics,	we	









3.1 | Effect of precipitation and herbivory on vital 
rates
Mollusk	 herbivory	 reduced	 seedling	 survival	 and	 wet	 season	 pre-













effects	 on	 survival.	 With	 increasing	 wet	 season	 precipitation,	 the	
probability	of	survival	increased	for	large	vegetative	and	reproductive	
plants	but	decreased	for	smaller	plants	(i.e.,	seedling;	Figure	1).
3.2 | Population growth rates for varying levels of 
precipitation and herbivory
Decreased	wet	season	precipitation	had	a	greater	negative	effect	on	







κ (y, x, a, b) n (x, t)dx,
(2)p (y, x, a, b)= s (x, a, b) g (y, x, a, b) .
(3)f (y, x, a, b)= s (x, a, b) ff (x, a, b) fn (x, a, b) pgpe (x, a, b) fd (y) ,
(4)Cd=Dd◦Ski ,
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The	 population	 growth	 rates	 of	 the	 four	 scenarios,	 HP-	LH,	 HP-	









positive	 population	 growth	 for	 S. obovata	 (λHP-LH	>	1;	 Figure	2).	We	
also	found	that	the	demographic	processes	that	contributed	the	most	





The	effects	of	 environmental	 stressors	on	 components	of	 plant	 fit-
ness	(e.g.,	survival	and	growth)	have	been	well	examined	(Cowie	et	al.,	
2009;	Hanley	et	al.,	1995;	Joe	&	Daehler,	2007;	Orians	et	al.,	2013;	
Parmesan,	 2006;	 Pender	 et	al.,	 2013;	 Shiels	&	Drake,	 2011).	 These	




organisms,	 such	 as	S. obovata,	 predictions	 from	ecological	 synthesis	
and	 life	 history	 theory	 suggest	 that	 vital	 rates	 of	 earlier	 life	 stages	
will	 have	 the	greatest	 impact	on	population	dynamics	 (e.g.,	 popula-
tion	 growth	 rate)	 (Silvertown,	 Franco,	 Pisanty,	 &	 Mendoza,	 1993;	
Stearns,	 1992).	 As	 a	 result,	 it	may	 be	 expected	 that	 environmental	
stressors	that	negatively	impact	earlier	life	stages	will	have	the	great-
est	negative	effect	on	population	dynamics	of	short-	lived	organisms.	





F IGURE  1 Regression	models	of	vital	rates	parameters.	Panel	a	=	survival	s (x, a, b),	b	=	growth	g (x, a, b),	c	=	probability	of	fruiting	ff (x, a, b),	
d	=	and	reproductive	output	pr (a, b)	(i.e.,	number	of	seedling	per	mature	plant).	The	solid	blue	line	represents	high	precipitation,	and	the	solid	red	
line	represents	low	precipitation
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plant	 size	had	varying	effects	on	S. obovata	vital	 rates.	Wet	 season	
precipitation	and	 initial	plant	size	positively	 influenced	survival	and	
the	probability	 of	 fruiting,	with	 a	 higher	 probability	 of	 survival	 and	
fruiting	 for	 large	 reproductively	mature	plants	 than	small	 reproduc-
tively	mature	 plants.	 Consistent	with	 previous	 studies,	we	 found	 a	
positive	 relationship	between	survival	of	 later	S. obovata	 life	 stages	
and	interannual	precipitation	(Dalgleish	et	al.,	2011;	Tye	et	al.,	2016).	












Vicente,	 &	 Martínez-	Sánchez,	 2008;	 Sánchez-	Blanco,	 Álvarez,	
Navarro,	&	Bañón,	 2009).	As	 a	 result,	 seedlings	 that	 established	 in	
low	 soil	 moisture	 conditions	 can	 have	 higher	 subsequent	 survival	
and	water	use	efficiency	(Franco	et	al.,	2008;	Sánchez-	Blanco	et	al.,	












Based	 on	 previous	 studies	 of	 short-	lived	 species,	 we	 predicted	
that	vital	 rates	of	earlier	 life	stages	 (e.g.,	seedling	establishment	and	
fertility)	would	contribute	the	most	to	 lower	population	growth	rate	
in	 years	 with	 low	 interannual	 precipitation	 (Dalgleish	 et	al.,	 2010).	
Contrary	 to	our	expectation,	however,	we	 found	 that	 lower	survival	
of	 larger	vegetative	and	reproductively	mature	plants,	 lower	fertility,	
and	 increased	 shrinkage	 of	 small	 vegetative	 plants	 contributed	 the	








to	fully	understand	 if	a	 targeted	environmental	stressor	 is	a	primary	
driver	of	population	decline	and	extinction.
There	are	a	 small,	but	growing,	number	of	 studies	 that	have	as-
sessed	 the	combined	effects	of	herbivory	and	abiotic	 conditions	on	
plant	 dynamics	 (Dahlgren	 &	 Ehrlén,	 2009;	 Miller	 et	al.,	 2009;	 Tye	
et	al.,	 2016).	Variation	 in	 insect	 herbivory	 pressure	 constrained	 the	
geographical	distribution	of	a	long-	lived	tree	cactus,	Opuntia imbricate 






dynamics	 of	 a	 long-	lived	 tree,	Khaya senegalensis,	 varied	 temporally	
along	 a	 precipitation	 gradient.	 Regardless	 of	 harvest	 intensity	 (i.e.,	
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not	possible	to	assess	context-	specific	interactions	of	herbivory	across	
varying	 abiotic	 conditions.	 To	 evaluate	 potential	 synergies	 between	
precipitation	and	mollusk	herbivory	additional	research	is	needed	and	
should	be	a	focus	of	future	studies.
The	 results	of	 this	 research	have	 several	 applied	 restoration	 im-
plications.	 First,	 our	 research	 illustrates	 that	 for	 short-	lived	 species	
like	 S. obovata,	 a	 decrease	 in	 interannual	 precipitation	 can	 have	 a	
greater	negative	effect	on	population	dynamics	than	the	introduction	
of	 non-	native	 seedling	 herbivores.	 Secondly,	Kahanahaiki	 is	 the	 dri-
est	and	 lowest	 range	distribution	 for	S. obovata.	Climate	projections	
suggest	 wet	 season	 precipitation	 will	 continue	 to	 decrease	 across	
S. obovatas’	geographical	range	distribution	(Giambelluca	et	al.,	2011).	
As	water	availability	becomes	more	 limited,	our	 results	 indicate	 low	
elevation	sites,	such	as	Kahanahaiki,	may	not	be	optimal	for	S. obovata 
restoration.	Globally,	 this	 research	demonstrates	how	critical	 it	 is	 to	






















Regression	coefficients	 for	all	 vital	 rates	used	 to	construct	 the	 IPM	
models	are	reported	in	Table	1.
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